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Abstract 
T h i s  paper describes a simple graphic tool t h a t  enables a 
building designer t o  evaluate the potential for wind induced 
ventilation cooling in several climate zones. Long term weather 
d a t a  were analyzed t o  determine the  conditions for which avail- 
able wind speed can be used t o  meet occupant comfort condi- 
tions. By calculating the  change in enthalpy produced by a typ- 
ical residential air conditioner during t*hose hours when an occu- 
pant  is uncomfortable, we were able to  estimate the  impact of 
natural  ventilation on building cooling load. T h e  graphic 
presentation of the  results allows a designer to  determine the  
potential energy savings of increasing the ventilation air Row 
rate as well as  the orientation of building openings tha t  will 
maximize ventilation cooling of the building occupants. 
Introduction 
Wind induced ventilation of buildings can be a significant 
means of increasing occupant comfort and reducing cooling 
energy consumption in hot climates. In order to  properly size 
and orient building openings t o  take advantage of ventilation 
cooling, a designer must  be aware of the direction and speed of 
local wind as well as ambient dry bulb temperature and relative 
humidity. This  information is available on hourly weather tapes 
but  needs to  be reduced to  a simple format t o  be useful during 
the early phases of the design process. 
Summary information on wind direction, frequency and 
prevailing wind speed is available as "wind rose" plots1 of con- 
ditions a t  local weather stations. Although this information has 
traditionally been used a s  the  only source of average local wind 
conditions, i ts  usefulness in building design is very limited. 
Wind rose plots (see examples in Figures 1-3) indicate frequency 
of wind blowing in each of 16 directions and wind speed is  given 
for t h e  prevailing wind direction. T h i s  provides a designer with 
no  information on  coincident temperature and humidity which 
must  be used t o  determine whether ventilation is beneficial. 
Although i t  is possible t o  use monthly wind roses together with 
monthly average weather data,:! the  designer is a t  best, left with 
a rough estimate t h a t  indicates little about  the  effect o n  human 
comfort and building cooling loads. 
W e  have at tempted t o  correct this  deficiency by a detailed 
analysis of long term, hourly weather tapes in which coincident 
d a t a  on  wind direction and speed, ambient  d ry  bulb t e m p e r a  
ture, relative humidity and barometric pressure can be used as 
input  t o  mathematical models of human comfort and building 
cooling loads. By this  analysis, it is possible to  determine: 
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1) the  human comfort  level when the  interior wind speed is 
held t o  various fractions of the  available exterior wind 
speed, 
2) the  building cooling load for those ambient  conditions t h a t  
are uncomfortable and 
3) the  direction the  wind is blowing from when mechanical 
cooling is required t o  maintain comfort. 
Thus ,  the  results indicate the  potential savings from induc- 
ing various building air Row rates a s  well as the orientation of 
building openings t h a t  will minimize the annual  cooling load. 
Local weather pat terns,  such as s t rong  northerly winds, com- 
bined with lower air temperature during brief s to rms  (in which 
case mechanical cooling could be unnecessary) are automatically 
accounted for and are weighted by the  frequency of occurrence 
when annual  summaries are compiled, Because local weather 
pat terns are common and instantaneous conditions are s e l d o n ~  
constant  a t  monthly (or annual) average conditions, this hourly 
analysis of all factors alfecting comfort and cooling load is essen- 
tial. 
DIRECTION AND FREQUENCY (%) OF WIND 
PERCENTAGES OF TIME 
PREVAILING DIRECTION AND be-
' MEAN INTENSITY (MPH) OF WIND 
Figure 1: Annual Wind Roses for Albuquerque. 
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Figure  2: A n n u a l  W i n d  Roses f o r  F o r t  W o r t h .  
DIRECTION AND FREQUENCY (%) OF WlND 
PERCENTAGES OF TIME (d---
PREVAILING DIRECTION AND 
MEAN INTENSITY (MPH) OF WIND 
Figure  3: A n n u a l  W i n d  Roaes f o r  Miami .  
Hourly weather d a t a  are available in a variety of formats 
and can be  obtained for multiple, contiguous years3 o r  for a sin- 
gle, average F o r  this  analysis, we chose to  analyze long 
term (approximately 12 contiguous years) d a t a  for each location, 
because t h e  methods for determining "average" years emphasize 
average temperature and solar radiation b u t  n o t  wind speed o r  
direction. W e  used d a t a  from years prior t o  1965, when report- 
ing frequency was changed from hourly t o  once every three 
hours a t  most locations. Available weather tapes begin during 
mid 1952 through early 1953, thus  yielding approximately 12 
years of hourly d a t a  for each location. O u r  summarized results, 
therefore, represent average potential for wind induced ventila- 
tion cooling and may not  be exactly the  same for any  specific 
year. 
Because this  analysis is intended t o  show the  benefit of 
ventilation cooling in buildings, t h e  wind speed measured a t  t h e  
local weather s tat ion (usually a nearby airport) was translated 
to  w h a t  could be expected a t  the building site. T h e  difference in 
height between the  weather s tat ion wind tower and the  actual  
building height, as well a s  differences in terrain were accounted 
for with t h e  following algorithm: 
where: 
WSai,, = wind speed a t  building si te  (m/s)  
WS,,,, = wind speed a t  weather s tat ion (m/s) 
HW = height of wind a t  building si te  (m) 
Ht = height o f  tower a t  weather s tat ion (m)  
a w = terrain coefficient for building si te  (see Table  1)  
at = terrain coefficient for weather s tat ion (see Table  1) 
7w = terrain exponent  of building si te  (see T a b l e  1) 
7, = terrain exponent  of weather s tat ion (see Table  1)  
Il I 0.15 I 1.00 ( Flat terrain with a m .  imlatad  obstacle^. 
T a b l e  1. 
T e r r a i n  P a r a m e t e r s  f o r  S t a n d a r d  T e r r a i n  ~ l a s s e s '  
1 1 0.20 1 0.85 1 Suburban areas with low buildings, trees, 
or other scattered obstacles. 
N / 0.25 ( 0.87 I Urban, industrial, forest or other built-up 
area. 
Class 
I 
cr 
1.30 
7 
0.10 
In this  work, we converted the  weather s tat ion wind speed 
Description of Terrain 
Ocean or other body of water with a t  
least 5 km of unrestricted expanse. 
V 
to  a height of 3 meters  in a suburban  area. T h e  wind direction 
w a s  unchanged from the  measured value. T h i s  represents the  
available wind speed and direction for ventilation cooling of 
most  single family houses. Local obstruct ions (e.g. large, nearby 
buildings, trees or hills) might  reduce the  wind speed or alter 
the  direction and should be accounted for in the  ac tua l  building 
design. 
0.35 0.47 Center of large city or other heavily 
built-up area. 
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Mathematical Modelling of Human Comfort 
T o  be acceptable t o  i ts  occupants, a built environmeut 
must  provide thermal comfort. Achieving thermal comfort 
depends on  both environmentill and personal factors, some sub- 
ject to  t h e  occupants' control, and others not. T h e  important  
environmental determinants  of thermal comfort are tempera- 
ture, humidity, radiation and air movement, while important  
personal factors are clothing and a ~ t ~ i v i t y  level. 
Because thermal comfort and disconlfort are subjective 
sensations, it is difficult t o  predict the efCects of any cornbino; 
ti011 of e~~vi ronment .a l  nd personal factors. However, sensations 
of comfort o r  discomfort correlate with physiological quantities 
which can be measured o r  calculated (e.g. skin temperature, 
body core temperature,  rates of sweating and brca th i l~g ,  etc). 
Thousands  of test subjects  have reported their thermal sensa- 
tions in controlled environments, using the thermal sensation 
scale found in Table  2. These reports have been compared wit.11 
pl~ysiological measurements, and from these d a t a ,  researchers 
have been able t o  develop mathematical models and computer  
algorithms t o  predict the response of a person to a given ther- 
mal environment, taking into account t h a t  person's clothing and 
activity level. 
1 T a b l e  2. 
T h e r m a l  S e n  
Numerical Code 
rtion ~ e a l e '  I Sensation 
Hot 
Warm 
Slightly Warm 
Neutral 
Slightly Cool 
Cool 
Cold 
F igure  4. 
Pierce  T w o  C o m p a r t m e n t  Physiological H e a t  Exchange  Model. 
Three  of the most  widely used comfort algorithms are the 
Fanger Comfort  Model, develo ed by P.O. Fanger of the  Techn- 
ical University of Denmark! the  Pierce T w o  Node Model, 
developed b A P Gagge and colleagues a t  the  J.B. Pierce d . .  Foundation,  and t h e  I<SU T w o  Node Model, developed by N.Z. 
Azer and colleagues a t  Kansas S t a t e  ~ n i v e r s i t ~ . "  A comparison 
of the three algorithms is given by ~ e r g l u n d . "  For t,he work 
which led to  this paper, we used a modified version of the Pierce 
T w o  Node  model. 
Humans regulate their heat  exchange with the environment 
in order to  maintain,  within a very close tolerance, the  tempera- 
ture of their body core. T h e  Pierce model describes this heat  
exchange process by modelling t l ~ e  human body as two discrete 
compartments:  an inner core and an oute r  skin (see Figure 4). 
T h e  core, which is assumed t o  be of uniform temperature,  is 
modelled as the  source of all metabolic hea t  production. T o  
maintain a constant  core temperature, all of the metabolic heat  
and work must  be transferred to  the surroundings. In the 
model, the core transfers energy directly to  thc environment 
through respiration and work. T h e  remaining metabolic heat is 
transferred to  the skin compartment,  both passively by conduc- 
tion and actively by the controlled Row of blood from the core 
to  the  skin. T h e  skin gives off hea t  t o  the  environment through 
convection, radiation, evaporation of sweat  and diflusion of 
water  vapor through t h e  skin. T h e  Pierce model describes this  
process with two coupled hea t  balance equations: 
where: 
Scr = heat  s torage in the  core (\Y/m2); 
SSk = hea t  s torage in the  skin (w/m2) ;  
M = metabolic hea t  from oxidation processes (W/m2); 
Khiv = metabolic hea t  from shivering (\Y/m2); 
\.V = work done by t h e  body on i ts  s u r r o u n d i n g  (\Y/m2); 
Qrc, = heat loss from respiration (\Y/m2); 
Q = heat transfer between the  core and the skin (W/m2); 
Q, = convective heat  transfer (b'/m2); 
Qr = radiative heat transfer ( w / m 2 ) ;  
Er sw = heat  loss from evaporation of sweat  ( w / m 2  d ;  
Edir = heat  loss from water  vapor diffusion (\Y/m-). 
A t  a given increment of time, t h e  model calculates the  
above physiological factors as well as the  rate of change of the  
skin and  core temperatures.  T h e  model then numerically 
integrates the  temperature differentials t o  find the  skin and core 
temperatures for the next time step.  Thus ,  the  model seeks 
dynamically to  ad jus t  skin and core temperatures for the pre- 
vailing conditions. 
From the values of physiological variables calculated in the 
model, the discomfort index can be determined.  In the  version 
of the Pierce model t h a t  we used, the discomfort index, DISC, is 
calculated by: 
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where: 
= maximum rate of evaporation of sweat  (\<V/m2), 
= (Psk - P,)/(l/hcl + 1/(1G.5hc)); 
= saturat ion vapor pressure a t  skin temperature (kPa) ;  
= partial vapor pressure : ~ t  air temperat,urc (kPn) ;  
= moisture contluctance of clothing ( w / m 2 k p a ) ,  
= I 15 / Iclo; 
= thermal resistance of clothing (clo); 
= convective heat transfer coericient (W/m21(), 
- 8.6 * ~ 0 . 5 6 .  
== air velocity (mjs ) ;  
= fraction of skin wettedness (dinlensionless), 
= 0.08 * A C T  / 58.2 - 0.09; 
= metabolic heat  from activity (M'/rn2). 
Each of the environmental determinants  of thermal com- 
fort has some influence on the discomfort. index. In our  work.  
we assumed t h a t  the mean radiant  temperature of the building 
was equal t o  the dry bulb temperature,  which is often the  case 
for light weight residential cons t ruc t io~i .  W e  also assumed t h e  
occupants  are not directly exposed to  solar radiation. There-  
fore, the influence of radiation in the  model was negligible. W e  
tested the  sensitivity of the model to  temperature,  humidity, air 
moven~ent ,  activity level and clothing. 
Figure 5 shows the  discomfort index (DISC) as a function 
of d ry  bulb temperature,  relative humidity and  wind speed. 
T h e  rate of  increase in DlSC with temperature is significantly 
higher a t  80% RH than  a t  30% RH. Likewise, the  impact  of 
wind speed on  comfort is greater  a t  higher hunlidity and tem- 
perature levels. T h u s ,  a combination of increasing temperature 
and humidity affects comfort more than  either parameter  alone 
and the use of wind to  provide occupant  comfort is more 
significant in hot-humid climates than in hot-arid climates. 
In figure 6, DlSC is shown as a function of dry bulb tern- 
perature, activity level and clothing (0.3 clo = very light cloth- 
ing, 1.0 clo = a wool business suit). Increasing the activity level 
increases metabolic heat  production, and thus,  a t  high ambient  
temperatures, increases thermal discomfort. T h e  rate of 
increase of discomfort with activity level is greater when t h e  clo 
value is greater, because clothing ac t s  as an impedance t o  hea t  
dissipation. 
In o u r  work, we assumed a clo value of 0.5, corresponding 
t o  light clothing suitable for office o r  home in a warm climate. 
We s e t  the activity level a t  1.1 met, represen thg  a person work- 
ing a t  a desk, reading o r  watching television." Fur ther ,  we s e t  
the maximum acceptable interior wind speed to  1.0 m/s,  since 
any wind above t h a t  speed is likely to  cause papers to  rustle 
and may be irritating to  occupants .  \Ye set  the  discomfort 
index a t  which a person is likely to  tu rn  on nn air conditioncr to  
0.5. 
Estimating Building Cooling Load 
A reliable indicator for building cooling loads should recog- 
nize latent  as well as sensible cooling loads. D a t a  from a LBL 
d a t a  base of DOE2.IA loads for a typical 1-story residential 
prototype in 45  U.S. locations showed latent  percentages vary- 
ing from 5% for an uninsulated house in arid Phoenix t o  35% 
for a moderately well-insulated house in Miami. Therefore, cli- 
mate  parameters  based only o n  temperature'differences, such a s  
cooling degree d a y s  or  degree hours, can be substantially in 
error for est imating cooling loads. T h i s  is confirmed in comparis- 
ons made between the cooling loads and degree hour d a t a  for 
WIKD SPEED O 5 bl/S 
/ 
/ 
25 27 29 J l  3J 
DRY BULB TEMPERATURE ("c.) 
Figure 6: Discomfort as a Function of 
Temperature, Windspeed and Relative Humidity. 
3.0 MET 
E 3 MET 
1.6 MET 
2 4  25 26 i7 2 8  i9 3'0 31 32 J3 3 
DRY BULB TEMPERATURE ( O C . )  
Figure 8: Discomfort as a Function of 
Temperature, Activity Level and Clothing. 
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FROM CDD BASE 1 8 ' ~  (GJ) 
F igure  7: Degree D a y s  Vs. Sensible 
Cooling L o a d  for  46 Locations. 
I0  20 30 40 50 
COOLING LOAD PREDICTED 
FROM CDD BASE 18OC (GJ) 
F igure  81 Degree D a y s  Vs. T o t a l  
Cooling L o a d  for  46 Locstions. 
the  same locations. Although cooling degree hours correlated 
reasonably well t o  sensible cooling loads, there is more sca t te r  
from the regression line when applied to  t,otal cooling loads (see 
Figures 7 and 8). 
T o  incorporate the eRects of latent  cooling, we used the  
concept of cooling e ~ ~ t h a l p y  hours. Enthalpy hours are given in 
(kJ-h/kg of d r y  air) and  define thc  amount  of energy t h a t  must, 
be removed from the air each hour t o  lower ambient  air condi- 
tions to  a rerercnce condition defined by dry bulb tempera.ture 
as well as humidity ratio. Cooling cnthalpy hours call be lu r ther  
divided illto sensible and latent  components. T h e  scnsiblc com- 
ponent is proportionnl to  cooling degree days  and is useful for 
est imating sensible loads using slalrdard UAAT calculations. 
'The latent  component  call be related t o  labent cooling loads for 
a given infiltration rate.  
O n  a psychometric chart ,  cooling euthalpy appears as the 
difference in enthalpy between the  ambient  air condition and 
the reference point (see Figure 9). La ten t  cnthalpy is the 
enthalpy reduclion necessary to  lower humidity ratios to the 
rererence level, keeping Lhe dry  bulb temperature fixed. Sensible 
ent,halpy is the  additional enthalpy reduction necessary t,o lower 
the dry bulb temperature to  t.he base temperature,  keeping the 
humidity ra t io  constant. Therefore, latent  enthalpy corresponds 
to  a vertical movement, and sensible enthalpy t o  a horizont.al 
movement on the psychometric char t .  T h e  total change in 
enthalpy times the  number  of hours t h a t  condition exists equnls 
the  number of enthalpy hours. 
Sensible E = E, - E, 
/ I 
Latent E = E2 - El 
Total E = Ez - E, 
1 I 
Drybulb temperature 
Figure 9: Psychrometric Chart 
T h e  reference dry  bulb temperature for calculating 
enthalpy hours is inlerpreted, similar to  cool~ng  degree days, as 
the  balance point o r  threshold a m b ~ e n t  temperature above 
which mechanical cooling will be required t o  maintain the  
indoor temperature specified by the thermostat  sc t  point 
Because of solar gain, we used reference temperatures or 18" C 
ror the  daytime,  and %IoC for the  nighttime hours. We calcu- 
lated the balance poinl  temperatures assuming a typical 143 m2 
prototype house with 0.30 w / m 2  " C ceilings, 0.52 w / m 2 "  C 
walls, and  0.5 ach infiltration. More details on  the prototype 
house and operat ing conditions as well as t h e  LBL d a t a  base are 
given by ~ u a n g . ' ~  
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Thus :  where: 
where: 
'rbP = balance point temperature 
T,,, = thermostat  setting of 25.6" C: 
I< = total  house I<-value (UA plus infiltration) 
= 1350 kJ/h- 'C: 
Q,,, = average hourly summertime solar hea t  ga.n 
= 7507 kJ/h (daytime), 0 kJ/h (nighttime) 1 
Q,, = average hourly internal sensible heat  gain 
= 2477 k J/h 
Therefore: 
Daytime -- Tbp = 25.6 - (7507 + 2477) / 1350 
N 1 8 ' C  
Nighttime -- Tbp = 25.6 - 2477 / 1350 
N 2 4 - C  
T h e  reference humidity ratio is more difTicult to  define, 
since cooling controls in resident.ial systems generally respond 
only to  indoor temperatures and not  to  humidity.  For this 
s tudy ,  we chose a humidity ratio of 0.0116 (kg  of moisture / kg 
of dry air) corresponding t o  the upper limit of the human com- 
fort zone." This  humidity ratio is chosen on the assumption 
t h a t  a properly sized air conditioner will maintain indoor com- 
fort by keeping the humidity ratio below this level. 
We imposed two conditions on the  calculations: (1) l a ten t  
enthalpy hours are n o t  counted when sensible enthalpy hours 
are nonpositive; and (2) negative latent  enthalpy hours a r e  s e t  
to  zero. T h e  first condirion assumes t h a t  t h e  air conditioner will 
be olT because t h e  ambient  air is cool, even though i t  has more 
enthalphy content  than  the  reference point. T h e  second condi- 
tion assumes t h a t  typical residential cooling systems d o  not  
humidify even though ambient  air conditions may be ho t  and  
dry.  
T h e  relationship of sensible and latent  enthalpy hours t o  
cooling loads for a particular house depends on its total conduc- 
tance and infiltration rate. For this  s tudy ,  we assume an aver- 
age summer infiltration rate of 0.5 ach (air changes/hour) for a 
prototype 1-story house with a volume of 348.0 m3. T h e  latent  
load (kJ )  is estimated from latent  enthalpy hours by: 
where: 
HHIn1 = latent  enthalpy hours (kJ -h /kg  dry air); 
V = volumetric air change ra te  (348.9 m3/h * 0.5); 
P = density of air (1.2kg/m3);  
or: 
T h e  sensible load (kJ)  is estimated from sensible enthalpy hours 
by: 
tAverage hourly msolat~on dur~ng July In hilam1 on 14 3 m2 of equally dstrl- 
buted vertical windows 
HH,,, = sensible enthalpy hours (kJ-h/kg dry air); 
V, p = same as for QI,, above; 
UA = building conductance, 
= 1055 k J/h- " C; 
or: 
Q,,, = (HH,,, * 209) + (HH,,, * 1055) 
= HH,,, * 1264 kg/h. 
T h e  estimated total  cooling load ( k J )  is then: 
T o  check the  reliability of the  above procedure for estimat- 
ing total  cooling loads, it was applied t o  t h e  same LBL residen- 
tial d a t a  base for 45 cities shown in Figure 7 .  As Figure 10 
shows, we found a generally linear relationship. 
10 20 30 40 50 
PREDICTED COOLING LOAD (GJ) 
Figure 10: Predicted Vs. DOE-2 
Cooling Load for 45 Locations. 
Program Logic 
In order t o  display bet ter  the  usefulness and limitations of 
this  building design tool, we describe here the logic of the  FOR- 
T R A N  program used t o  generate t h e  results. For each hour of 
the  weather t a p e  (8760 h/y * approx. 12 years), climate d a t a  
(dry bulb temperature,  dewpoint ,  barometric pressure, wind 
speed & wind direction) are read. T h e  program then loops 
through t h e  comfort model with t h e  interior (perceived) wind 
speed varied from zero up to  100% of the outside (actual)  wind 
speed -- with the maximum interior speed held a t  1.0 m/s. For 
each wind speed, the comfort level is calculated. If i t  exceeds 
0.5, the  se~isible and la ten t  enthalpy hours are calculated (baue 
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24"  C if nighttime, base 18 T if daytime) and then binned by 
wind direction and  percent of t h e  outside wind speed. T h e  p r e  
gram then advances t o  t h e  next hour on t h e  tape  and repeats 
the above process. Upon reaching the end of the  weather d a t a ,  
the sensible and  la ten t  enthalpy hours are used t o  calculate 
building cooling load, which is plotted versus wind direction and 
fraction of outside wind speed (Figures 11-16). Various checks 
are built into t h e  program t o  handle missing o r  inaccurate 
weather da ta .  
A p p l i c a t i o n  
T h e  primary usefulness of t h e  resulting plot of building 
cooling load vs. wind speed and direction is in the  ability of a 
designer t o  assess quickly t h e  potential  benefit of ventilation 
cooling and the  impact  t h a t  i t  will have on orientation of a sin- 
gle building o r  an entire subdivision. T h i s  can be accomplisl~ed 
early in t h e  design process t o  ensure t h a t  subsequent design 
decisions d o  not  conflict with the ventilation scheme. 
Figure 11: ALBUQUERQUE 
Q m u =  1.6MJ/yr Qnwd =0.23 MJ/yr 
Figure 13: FORT WORTH 
Qmur = 8.4 MJ/yr QWd = 0.26 MJ/yr 
Figure 121 CHARLESTON 
Qmu = 3.2 MJ/yr QnWd = 0.50 MJ/yr Figure 14: FRESNO Qmu = 6.3 MJ/yr Qmd = 0.23 MJ/yr 
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Figure 15: LAKE CHARLES 
Qmar = 4.9 MJ/yr Qnwd = 2.65 MJ/yr 
Figures 11 through 16 show plots for six cities representing 
a variety of climate zones. T h e  center of each plot represents 
zero cooling load and the outer  most  circle is the  maximum cool- 
ing load (shown as Q,,) while t h e  wind is blowing in any single 
direction. T h u s ,  the scale on  each   lot varies so t h a t  the resolu- 
tion can be kept  a s  large as possible. T h e  contour lines 
represent the  building cooling load a t  various percentages of the 
outside wind speed. T h e  outermost  (solid) contour line is for 
the case of no  ventilation; the  next (dashed) contour line inward 
is the cooling load with 20% of the  outside wind speed available 
for ventilation. Contour lines alternate between solid and 
dashed lines and are plotted for O%, 20%, 40%, 60%, and 100% 
of the outside wind speed. In addition t o  the cooling load while 
the wind is blowing, there is a load during periods of no  wind 
(shown as Qnwd)  t h a t  should be accounted for in any  annual  
energy calculations. 
As shown in Figure 16, a building designed for Miami 
should have ventilation openings oriented t o  receive wind from 
the  southeast ,  while a building in Albuquerque (Figure 11) 
should be oriented to  receive wind from the  southwest .  Fur ther .  
the plots show t h a t  large reductions in cooling load can be 
achieved in Miami a t  ventilation rates u p  to  60% of the  outside 
wind speed, while in Albuquerque substantial  reductions occur 
a t  20% of the outside wind speed but  further  increases in the 
ventilation rate are relatively less effective. 
In climates with high sensible heat  gain (For t  Wor th ,  Fig- 
ure 13), it can be seen t h a t  there is a significant cooling load 
t h a t  can not  be eliminated regardless of the ventilation rate; 
while in other  locations (Lake Charles, Figure 15) there is a sub- 
stantial  cooling load a t  times when there is no available wind to  
decrease the discomfort level. 
Certain plots (For t  Worth,  Figure 1 3  and Fresno, Figure 
14) show a highly directional ventilation requirement, indicating 
t h a t  the building or subdivision should he oriented within close 
tolerances. However, other  cities (Albuquerque, Figure 11 and 
Charleston, Figure 13) show a need for ventilation from a much 
Figure 18: MIAMI 
Qmax = 8.0 MJ/yr Qllwd = 0.90 MJ/yr 
larger directional angle s o  ventilation devices should be designed 
t o  work eRectively with wind blowing from several directions. 
By comparing t h e  previously available wind roses with 
these plots of cooling load, it is possible to  compare building 
designs based on prevailing wind only versus designs based on  
actual  cooling load reduction. For Miami (Figures 3 and l6)> 
the resulting building may be very similar. However, in Albu- 
querque (Figures 1 and l l ) ,  the  orientation may be 90" 
dilferent, which will have a substantial  impact  on the  actual  
ventilation rate and resulting cooling load. 
It is important  t o  note t h a t  these plots account  only for 
the impact  of ventilation on cooling load and a building 
designed for minimal energy consumption should also account 
for the effects of solar gain. I t  may be necessary to  design venti- 
lation openings t h a t  a re  well shaded from direct solar radiation 
in order t o  prevent t h e  additional solar gain from offsetting the 
benefits of ventilation. 
In this  paper,  we d o  not  propose t h e  means by which any 
particular ventilation rate can be induced in a building. 
Numerous researchers have dealt with this  problem, and an 
extensive literature exists o n  the  subject  of natural  ventila- 
tion.14 Architects and contractors  can consult this literature to  
find methods t o  ventilate buildings, and from their experience, 
est imate t h e  construction costs of various ventilation strategies. 
O u r  work can help a designer or  contractor  to  decide what  
additional construction costs will be  economically justified. Fig- 
ure 17 shows total  cooling load, as a function of interior wind 
speed, for several cities. Cooling loads can be converted t o  cool- 
ing costs, using local energy prices and seasonal equipment 
efficiencies. An architect  o r  builder then knows how much sav- 
ings to  expect from various ventilation rates, and  can compare 
these savings t o  the est imated costs  of achieving those ventila- 
tion rates. Life cycle cost analysis then can be used t o  deter- 
mine how much added expense is justified by cooling energy 
savings. 
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Figure 17: Annual  Cooling Load zm a 
Function of Interior Wind Speed. 
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